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Abstract
Air sparging (AS) is a remediation technology used in conjunction with
soil/vapor extraction (SVE) to enhance the removal of volatile organic compounds
(VOCs). Air sparging involves injection of air beneath the water table in the zone of
contamination. VOCs are removed by two mechanisms: volatilization and
biodegradation. As injected air moves through the subsurface and comes in contact with
dissolved contamination or free product, VOCs volatilize and are removed with the rising
air. Upon reaching the vadose zone, contaminated air is extracted by an SVE system and
then treated before being released to the atmosphere. Injection of air also increases the
amount of oxygen in the saturated zone which increases the rate of aerobic
biodegradation.
Air sparging is a relatively new technology, and there is controversy as to whether
air rises as discrete bubbles or in channels. Katherine Sellers and Robert Schreiber of
Camp Dresser & McKee, Inc. developed a conceptual model to estimate the removal rate
of VOCs from groundwater using air sparging. The model assumes bubble flow and
considers removal by volatilization only. In this project, the model was modified to yield
a more accurate remediation time estimate at Fuel Spill 12 (FS-12) at the Massachusetts
Military Reservation (MMR) on Cape Cod. Tortuosity was accounted for, and specific
diffusivities were calculated for different components of JP-4 jet fuel. The model was
then modified to account for channel flow. Measured and estimated parameters were
inputted into the two models. Results of the bubble model showed that approximately 10
years of air sparging would be required for benzene, toluene, ethylbenzene, and xylene
(BTEX) concentrations to decrease to maximum contaminant levels (MCLs). A channel
flow model was also developed and yielded remediation time estimates of approximately
800 years.
Thesis Supervisor: Professor Chiang C. Mei
Title: Edmund K. Turner Professor of Civil and Environmental Engineering
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1. Introduction
A developing technology that works in conjunction with soil vapor extraction
(SVE) to facilitate the remediation of subterranean fuel spills is air sparging. Air
sparging is the injection of air into the saturated zone where contamination is present (see
Figure 1-1). Air sparging removes fuel from the subsurface via two mechanisms:
stripping and biodegradation.
Soil vapor extraction (SVE) is a technology used in the remediation of subsurface
contamination due to volatile organic compounds (VOCs). SVE involves the injection of
fresh air into the vadose zone and the extraction of vapor via vacuum extraction wells.
The idea behind SVE is to extract VOCs in the vapor phase, inducing more of the
remaining liquid VOC to enter the vapor phase. The VOC vapor is then continuously
extracted until remediation goals are met. Chapter 2 provides further explanation of the
concepts behind air sparging.
Soil vapor extraction can be less costly than pump and treat for the removal of
source contamination when contamination is far below the ground surface or when
contaminants are highly volatile (contaminants whose vapor pressure is greater than 5
mm Hg and whose Henry's law constant is above 10-5 atm-m 3mole-l) (Norris et al., 1994).
Both soil vapor extraction and air sparging are being used in the remediation of a
fuel spill at the Massachusetts Military Reservation (MMR) on Cape Cod designated as
Fuel Spill 12 (FS-12). FS-12 is one of several contamination plumes at the MMR (see
Figure 1-2). FS-12 originated from a leak that occurred in an underground fuel pipeline
between 1965 and 1972. An estimated 70,000 gallons of JP-4 jet fuel was spilled as a
result of the leak.
The Fuel Spill 12 plume is located on the Upper Cape, near the top of the
Sagamore Lens. As the sole-source water-supply aquifer for western Cape Cod, the lens
is of vital importance to the four towns adjacent to the MMR - Falmouth, Mashpee,
Sandwich, and Bourne (Ryan, 1980). Thus, it is essential that remediation goals are met
to ensure that the groundwater is suitable for water supply.
As a preliminary design measure and due to cost considerations, it is necessary to
estimate the groundwater cleanup rate. Katherine L. Sellers and Robert P. Schreiber of
Camp Dresser & McKee (CDM) developed a conceptual model to estimate the rate of
groundwater cleanup from the use of air sparging. In Chapter 3, the model is explained
and estimated parameters are fine tuned in order to more accurately predict the
groundwater cleanup rate and total remediation time. Furthermore, a critical review is
performed on the assumptions upon which the model is based. Most notable among the
model assumptions is that sparged air rises as discrete bubbles. The model was modified
to account for air rising in channels. Remediation time estimates were made with both
models. Results are compared and discussed in Chapter 4. Chapter 5 provides
conclusions from the study and recommendations for further work.
http://www. aristotle.com/Sparging/TechResponses/whatis/ResponseMenu. html
Figure 1-1: Schematic of air sparging and soil vapor extraction systems.
Figure 1-2: MMR plume map.
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2, Conceptual Background of Air Sparging
2.1. Introduction
An understanding of the concepts behind air sparging is advantageous when
applying the technology in the field. A host of factors must be considered when deciding
if air sparging is appropriate at a site. These factors include both contamination
characteristics and site characteristics. This chapter will explain how injected air removes
contamination, discuss what factors make air sparging favorable, and discuss the
parameters that should be measured and monitored in order to ensure the successful
application of air sparging in the field.
2.2. Removal Mechanisms
2.2.1. Introduction
Contamination is removed during air sparging via two mechanisms: stripping and
biodegradation. In the absence of air sparging, fuel/air contact is limited to the surface of
the groundwater table. This limits both stripping and biodegradation. Without the
injection of air, only contamination exposed at the surface can be volatilized.
Furthermore, oxygen, which is required for aerobic degradation, is available only at the
surface and must diffuse downward below the water table to be made available to
microorganisms present in the saturated zone. Injection of air into the saturated zone
increases the area of fuel/air contact allowing dissolved and adsorbed contamination to
volatilize when the contamination comes in contact with air. Injection of air also
increases the dissolved oxygen concentration, allowing for an increase in aerobic
degradation.
2.2.2. Stripping
Stripping refers to the process in which rising air strips fuel from contaminated
water, from soil particles to which the fuel may be adsorbed, and from free product
(liquid). As the fuel comes in contact with the air, it enters the vapor phase due to its
high volatility and is carried upward by the rising air. Once the fuel vapor/air mixture
reaches the vadose zone, it is extracted by an SVE system and is treated to remove the
fuel vapor.
Fuel itself is composed of many different compounds. The volatility, or tendency
to enter the vapor phase, of these compounds varies significantly in some instances.
Many of the compounds in fuel are highly volatile. These compounds are quickly
removed by stripping. However, other less volatile compounds take longer to be
removed. The removal of these less volatile compounds can be expedited by
biodegradation. Figure 2-1 shows the how the primary removal mechanism will change
according to the volatility of the contamination.
(Norris et al., 1994)
Figure 2-1: Volatility of different petroleum products.
2.2.2. 1. Volatilization: Free Product Removal
Free product refers to contamination that has not mixed with groundwater. In the
case of a fuel spill, the fuel that remains floating atop the water table would be referred to
as free product. The fuel will volatilize at a rate commensurate with its vapor pressure
(VP). Vapor pressure is a measure of the tendency of a pure compound to enter the
vapor phase. Vapor pressure refers to the pressure exerted by the vapor of a compound in
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equilibrium with its pure liquid or solid form. Vapor pressure is a function of
temperature and can be calculated from the following equation:
VP(T) = A . e(T) (2-1)
where T is temperature and A and B are constants unique to each compound.
As fuel at the source volatilizes, it is extracted by the soil vapor extraction system.
The removal of this vapor phase fuel induces more of the liquid fuel to volatilize. This
phenomenon occurs due to the fact that any liquid/vapor or solid/vapor system will tend
towards equilibrium. Therefore, as vapor phase fuel is removed by the SVE system and
"clean" air replaces the contaminated air, liquid fuel will volatilize as the system tends
towards equilibrium. In reality, equilibrium is not reached, but the tendency towards
equilibrium of the liquid/vapor system serves as a driving force for the volatilization and
ultimate removal of fuel at the source.
2.2.2.2. Groundwater Stripping: Dissolved Contamination Removal
Some of the free product will dissolve in groundwater. Only a relatively small
amount of fuel, which is made up of many different hydrocarbon compounds, will
dissolve in groundwater. Most hydrocarbons are not very polar, and therefore tend to be
immiscible in water, which is slightly polar. The maximum amount of any one
compound that can be dissolved in water is dictated by the aqueous solubility of that
compound. Aqueous solubility refers to the amount of a compound that is dissolved in
water when water is in equilibrium with an excess of that compound. Aqueous solubility
is determined empirically and aqueous solubility data can be found in reference manuals.
Estimates can be made for compounds whose solubility has not been measured by using a
solubility for compounds of similar molecular size and structure.
As injected air rises in the saturated zone, it strips some of the dissolved VOCs.
The amount of a dissolved compound that enters the vapor phase depends on the aqueous
concentration of that compound and its Henry's law (partition) constant (H). A Henry's
law constant is a measure of how a given compound will partition between water and air
at equilibrium. It relates the partial pressure (Pi) exerted by a compound to its aqueous
concentration (Cw) in solution:
PJ = C, -H (2-2)
The Henry's law constant can be reported in dimensionless form or in dimensions of
pressure divided by concentration (e.g. atm/(moles/L) ).
It is generally assumed that the rate at which a contaminant is removed depends
on the rate at which the contaminant can diffuse through water. Such a system is said to
be diffusive-flux-limited. In a diffusive-flux-limited system, the rate at which a dissolved
contaminant is removed depends on the contaminant's aqueous diffusion coefficient, D,
the distance that a contaminant must diffuse, L, and the concentration gradient between
the contaminated groundwater and rising air:
C 
- CaJ=D C a (2-3)
L
where J is the mass flux of contaminant from groundwater to air, C, is the contaminant
concentration in the groundwater and Ca is the contaminant concentration in the rising air.
For modeling purposes, Ca is often assumed to be zero.
The diffusive distance, L, will vary depending on the type of air flow (bubble flow
or channel flow) and will also depend on subsurface characteristics such as permeability
and the degree homogeneity of the soil matrix. The diffusive distance will be a limiting
factor in the removal of contamination.
Dissolved fuel may adsorb to solid particles. As groundwater flows through the
soil matrix, the dissolved fuel, which is organic, is "attracted" to the organic carbon in the
soil and may adhere to soil grains in a process called adsorption. This adsorbed fuel may
later desorb into the liquid or vapor phase.
2.2.3. Biodegradation
Fuel is composed of hydrocarbons which are a source of energy for bacteria. In
order to metabolize these hydrocarbons aerobically, bacteria need oxygen (02). However,
the rate of oxygen supply below the water table is limited by diffusion and by the rate at
which dissolved oxygen is consumed by microorganisms near the surface of the water
table. Furthermore, the solubility of 02 in water is only about 10 mg/L.
The availability of oxygen to aerobic bacteria can be greatly increased by
pumping air (and therefore oxygen) below the water table as compared to other methods
of oxygen delivery. Table 2-1 shows equivalent masses of aerated water, hydrogen
peroxide (H20 2), nitrate and sparged air required to deliver one kilogram of oxygen (02)
to the saturated zone. The increased availability of oxygen in the saturated zone enables
dissolved fuel that would otherwise not have been degraded to be consumed by aerobic
bacteria. The product of this degradation is carbon dioxide (CO 2) and water (H20). As
with stripping, diffusion of 02 between air channels is the limiting factor in remediation
time.
Table 2-1: Oxygen Availability
kg Carrier / L Carrier /
Carrier kg 02 1,000 kg 02
Equivalent Equivalent
Aerated Water 100,000 1 x 108
H 20 2 (1,000 mg/L) 2,200 2 x 106
Nitrate (10g/L) 176 176,400
Air Sparging (20% 02) 4.5 55,000
(Brown et al.)
2.3. Air Channeling
There is controversy as to whether injected air rises as discrete bubbles or forms
air channels (see Figure 2-2). Most of the literature suggests that channels are formed:
"Lesson, Hinchee and Vogel carried out afield study of sparging in sand in shallow
standing water, and demonstrated unequivocally that channeling was the mechanism by
which the injected air migrated to the top of this quite porous homogeneous medium.
These results invalidate any modeling approach which does not explicitly include the
effects of channeling and the associated diffusion/dispersion mass transport of both
volatile/biodegradable organics and oxygen." (Wilson, Norris, and Clarke, 1996)
In a homogeneous aquifer with high permeability, the maximum distance between
channels will be only several times greater than a soil pore, on the order of a few
millimeters (Norris et al., 1994). However, any zones of low permeability such as a layer
of clay, skew the distribution of the air channels (see Figure 2-3). The air will flow
preferentially in areas where the permeability is higher, and contamination above low
permeability zones will not benefit from sparging. For sites with a high ratio of
horizontal to vertical permeability (>3:1), the general permeability of the soil matrix must
be relatively high (>10'4 cm/s) for air sparging to be effective. (Norris et al., 1994) If the
ratio of horizontal to vertical permeability is low (<2:1), then the general permeability of
the soil matrix need not be as high (>10'5 cm/s) for air sparging to be effective (Norris et
al., 1994).
The location and configuration of these channels depends on the heterogeneity
and permeability of the soil matrix. A heterogeneous soil matrix will lead to preferential
flow through areas of higher permeability. Therefore, removal of fuel trapped in
groundwater in between the air channels would be limited by groundwater flow. This is
undesirable since it would increase total remediation time. Thus a homogeneous soil
matrix is preferred to a heterogeneous matrix when air sparging is used as a remediation
technology.
2.4. Physical Site Constraints
If air sparging is to be used in conjunction with soil vapor extraction, there must
be at least four feet of vadose zone. This is the minimum depth at which an SVE system
can be installed. (Norris et al., 1994)
In order for air to "cone-out" from the sparge point, a minimum saturated
thickness of four feet is required. Below a depth of 30 feet in the saturated zone,
prediction and control of air flow becomes difficult, and the probability of the presence of
low-permeability layers increases. Table 2-2 summarizes important factors and limits in
the use of air sparging. (Norris et al., 1994)
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2.5. Control of Flow
The flow of air in the saturated zone is dependent on the air injection pressure.
About one pound per square inch of pressure is required to overcome every 2.3 feet of
hydraulic head. At pressures slightly above the breakout pressure (the minimum pressure
required to overcome the hydraulic head), the ratio of horizontal to vertical air travel is
1:2. This ratio increases as the sparge pressure increases. However, there is an injection
pressure limit above which an increase in pressure will cause air flow to become turbulent
(see Figure 2-4), thus wasting the extra energy input. Furthermore, dissolved
contaminants are forced away from the sparge well spreading contamination. (Norris et
al., 1994)
Another concern is the water table mounding that occurs in response to air
sparging. Usually mounding induces groundwater flow away from the mound. However,
the mounding induced by air sparging is caused by the physical displacement of water by
air which decreases the net density of the water. This decrease in the net density of the
water column counteracts the increase in the water table, preventing the water from
flowing away from the mound. (Norris et al., 1994)
2.6. Radius of Influence (ROI)
In order to ensure that the full extent of the contaminated area is being exposed to
sparged air, the radius of influence of the AS system must be determined. Ahlfeld et al.
(1994) define the radius of influence as "the average of the furthest distance traveled by
the air channels from the sparge point". There are three effective methods for
determining the ROI: measuring gas pressure in the saturated zone, measuring dissolved
oxygen, and measuring increases in VOC concentration in the vadose zone. McCray et
al. (1996) contend that measuring gas pressure response below the water table is the most
effective way of determining the ROI.
Table 2-2: Limits To The Use Of Air Sparging
Factor Parameter Limit/Desired Range
Contaminant Volatility >1 mm Hg
Solubility <20,000 mg/L
Biodegradability BOD 5(a) >0.01 mg/L
Strippability H(b) > 10- atm 3-mole-'
Geology Heterogeneity No impervious layers above
sparge point.
If layering present,
hydraulic conductivity
increases above sparge
point.
Permeability >10-5 if horiz:vert is < 2:1
>10-4 if horiz:vert is >3:1
Physical Sparge Depth >4 feet, < 30 feet
Depth to water >4 feet
(a) BOD 5 = Biological oxygen demand
(b) H = Henry's law constant
(Hinchee, 1994) and (Norris et al., 1994)
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Figure 2-4: Effect of injection pressure on air flow.
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2.7. Pilot Studies
Pilot studies provide necessary empirical information that is site specific. This
information is used in the design of an SVE/AS system. Table 2-3 and Table 2-4
summarize the pilot test parameters that should be monitored and provide a brief
description of both the significance of the data and its impact on the design of an air
sparging system.
Several parameters are of interest in a pilot study. The relationship between
vacuum/pressure and distance can help determine the radius of influence. VOC
concentrations are a measure of how much of the contamination is being removed.
Dissolved oxygen measurements can indicate the radius of influence and the distribution
of air in the subsurface. CO2 and 02 measurements can be used to test for biological
activity since microorganisms will use 02 to break down hydrocarbons and produce CO 2.
Finally, water levels can reflect mounding due to air sparging. (Norris et al., 1994).
Table 2-3: Pilot Test Parameters
Parameter Significance
Vacuum/Pressure vs. Distance Provides an estimate of radius of influence.
VOC Concentrations Indicates area being affected and rates of
Soil & Groundwater removal.
Static & Dynamic
CO 2 and 02 in Soil Vapor Indicates biological activity.
Increase in DO Levels Indicates radius of influence. Air travel
increases DO.
Water Level Before, During & After Indicates airflow as air sparging causes
water table mounding. Water table
"collapses" after sparging.
(Brown et al.)
Table 2-4: Site And Pilot Test Data Needed For Design.
Data Impact On Design
Lithological Barriers Feasibility/Sparging Depth
Vertical Extent of Contamination Sparging Depth
Horizontal Extent of Contamination Number of Sparge Wells
Volatility of Contaminant Vapor Control (Venting)
Sparge Radius of Influence Well Spacing/Flow Requirement
Optimal Flow Rates Compressor Size
Vent Radius of Influence Well Spacing
Vacuum/Pressure Balance Blower Size/ Well Placement
Vapor Levels Vapor Treatment
(Norris et al., 1994)
3. Modeling Air Sparging at FS-12
3.1. Introduction
This chapter begins by describing the design of the air sparging system in
operation at the FS-12. Section 3.3 describes the development of a bubble flow model
used to estimate remediation time, provides a critical review of this model, and modifies
the model to based on the critical analysis. Section 3.4 describes necessary modifications
that must be made to the bubble flow model to account for channel flow.
3.2. Design Based on Pilot Study, HyperVentilate Model
Atlantic Sciences, Inc. designed the soil vapor extraction system and air sparging
system based on the results of a model and of a pilot study. In the pilot study, the change
in water pressure at different distances from the vacuum point was measured to determine
the radius of influence of an SVE well. In order to determine the radius of influence of an
air sparging well, several parameters were measured in the pilot study: water levels,
monitoring of a tracer gas, oxygen and carbon dioxide levels in the vadose zone, air
pressure and dissolved oxygen measurements.
The air permeability of the vadose zone at the FS-12 site was estimated from the
results of a HyperVentilate model and from air pressure measurements conducted during
the pilot study. The air permeability was estimated to lie between a range of 142-584
Darcy and an average of 305 Darcy. A more conservative range of 270-305 Darcy was
used as an input to the HyperVentilate program which was used to estimate the number of
SVE wells required to meet remediation goals. The model yielded two results: (1) a need
for a minimum of 10.6 wells based on area; and (2) a need for 30.1-34.3 wells based on
critical volume. In the final design, it was decided that 21 SVE wells would suffice. The
SVE system flow rate has ranged from 50 to 3500 standard cubic feet per minute (scfm).
These wells have been operating at the source of the FS-12 plume since October 23,
1995. (Atlantic Sciences, Inc., 1994)
The radius of influence of each SVE well was determined from a semi-log plot of
pressure change (in. of H20) versus distance from vacuum well (ft.) from the pilot study
(see Figure 3-1). The plot was extrapolated out to a pressure change of 0.1 inches, which
corresponds to a radius of influence of 160 feet. In order to be conservative, it was
assumed that the SVE radius of influence was only 120 feet to ensure that all of the vapor
was captured.
The radius of influence of the air sparging wells was determined from the
following parameters: water levels, a tracer gas, oxygen levels in the vadose zone, carbon
dioxide levels in the vadose zone, air pressure, and dissolved oxygen (see Table 3-1).
Table 3-1: Measured Radius Of Influence
Parameter Radius of Influence (feet)
Water Levels 144
Tracer Gas 87
Oxygen Levels In Vadose Zone 87
Carbon Dioxide Levels In Vadose Zone 87
Air Pressure 87
Dissolved Oxygen 87
(Final Design Package for the FS-12 Product Recovery System, Volume II)
An effective radius of influence of 75 feet was used in the system design. The
final design yielded 22 air sparging wells placed at an average of 60 feet below the water
table. These wells began operation on February 21, 1996. Please refer to Figure 3-2 for a
layout of the AS wells and to Figure 3-3 for a layout of the SVE.
The air sparging system is set up with "legs" extending about 60 feet below the
water table. Each "leg" has two to five air sparging wells. The wells alternate in
operation in two hour cycles, with only one well operating at a time. In order for the air
to reach contamination trapped in the interstitial pores spaces of the soil matrix, the
injection point is capped with a microporous tube, causing air to be released as minute
bubbles and increasing the surface area per unit volume of air injected. The air injection
pressure is 30 to 40 pounds per square inch (psi). The desired flow rate is 100 scfm per
AS well.
Table 3-2: Summary of key data for air sparging.
Parameter Data
Volume of fuel spill - 70,000 gallons
Plume length - 4,800 feet
Plume width - 2,750 feet
Plume vertical thickness 60-130 feet
Air permeability in vadose zone 142-584 Darcy
Number of SVE wells 21
Number of AS wells 22
SVE radius of influence per well (design) 120 feet
AS radius of influence per well (design) 75 feet
SVE flow rate 50-3500 scfm
Air injection pressure 30-40 psi
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Figure 3-1: Radius of influence of soil vapor extraction wells.
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Figure 3-2: Layout of air sparging wells showing radii of influence
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Figure 3-3: Layout of soil vapor extraction wells showing radii of influence.
3.3. A Critical Review of an Air Sparging Model
No standard model exists for estimating the rate of removal of contamination
from groundwater or the total amount of time necessary to meet remediation goals due to
air sparging. However, several models have been developed that may prove to be useful
in providing rough estimates and aiding in a preliminary design of an air sparging system.
One such model was developed by Katherine L. Sellers and Robert P. Schreiber of Camp
Dresser & McKee, Inc. (Sellers and Schreiber, 1992). In the following section, this
model is described, and the assumptions behind the model development are discussed.
Suggestions are made on how the model can be modified to make it more accurate when
applied to FS-12. Specifically, diffusion coefficients for major components of JP-4 jet
fuel are calculated and incorporated into a decay coefficient. This decay coefficient is
used to create plots of exponential decay of concentration versus time for the major
components of JP-4 jet fuel. Finally, the time required for benzene, toluene,
ethylbenzene, and xylene to reach their maximum contaminant levels (MCL) of 5 part per
billion (ppb) is estimated.
Air Sparging Model for Predicting Groundwater Cleanup Rate
by: Katherine L. Sellers and Robert P. Schreiber, Camp Dresser & McKee, Inc.
3.3.1. Assumptions of Sellers and Schreiber Model
Air Flow in the Saturated Zone
* Air rises as discrete spherical bubbles.
* A low flow rate is assumed when calculating an effective bubble radius.
* There is an even distribution of sparged air bubbles in volume of influence.
(Volume of influence is defined as the volume of groundwater within the radius of
influence of an individual air sparger.)
* The distance that a bubble travels is taken to be the average depth of the sparge points
below the water table.
Subsurface Characteristics
* There is high uniform porosity and permeability as typically found in sand or gravel
(low sorption capacity).
* The soil matrix is homogeneous and isotropic.
* Subsurface air temperature is 100 C.
Spargers
* Radii of influence of individual spargers do not overlap.
Rate of Contamination Removal
* Remediation time and rate of contamination removal are dependent on contamination
volatilization rate only. (No biodegradation of contaminants occurs.)
* The diffusive distance is equal to the bubble radius.
* Equilibrium is not reached. Therefore, the contamination removal rate is diffusive-
flux-limited.
Mixing
* The groundwater in the sparged zone is well mixed.
Other
* The model does not account for free product removal.
* The bubble terminal rise velocity approximation assumes that the bubble is rising in
water only.
3.3.2. Measured Parameters
C(t) = average concentration of groundwater contamination in sparged plume;
Q = total injected air flow rate into groundwater;
t = time;
d = fraction of 24-hour day that the air sparging system is in operation;
h = depth of screen below groundwater table;
R = radius of sparger openings;
Roi = radius of influence of individual sparger;
n = average porosity of soil
3.3.3. Estimated Parameters
D = diffusion coefficient of contaminant in water: 9 x 10-6 to 1.09 x 10-5 cm 2/S
(Hayduk and Laudie, 1974);
L = distance over which contamination must diffuse; assumed to be equal to average
effective radius, r, of a sparged bubble;
rb = average effective radius of sparged bubble; for low flow conditions of air
injection into water, r can be approximated by:
rb = 2-R 2 a, Y)g] (Orr, 1966) (3-1)R (p water air
R = radius of sparger openings
a = air-water surface tension (0.0728 N/m)
pwater = density of water (1,000 kg/m 3)
pair = density of air (1.29 kg/m 3 at 100 C)
g = gravitational constant (9.81 m/s 2)
rb is typically 0.5 to 2 mm.
Sb/Vb= average surface area to volume ratio of a bubble;
4xr 2  3
Sb/ Vb= 43r -i (3-2)(4/3) 7rr, rb
Vb = terminal velocity of rising bubble
F 1.07" 1/2
Vh = 1.04g rb + j7 p -1/ (Falvey, 1980) (3-3)
g = gravitational constant (9.81 m/s 2)
rb = bubble radius
c = air-water surface tension (0.0728 N/m)
pwater = density of water (1,000 kg/m3)
v - 0.25 m/s for bubbles with radii ranging from 0.4 to 10 mm (Falvey, 1980)
Vs = volume of water in the contaminant plume that is in contact with sparging
bubbles; equal to the sum of the volume of influence of individual spargers;
V = RR -h-n (see Figure 3-4)
Vi = volume of influence of an individual sparger;
Roi= radius of influence of individual sparger;
h = depth of sparge point below the water table;
n = porosity;
Vs = k.rRo2, -h-n
k = number of spargers
(Sellers and Schreiber, 1992)
Figure 3-4: Volume of influence.
(3-4)
(3-5)
AIM IMd I r-eTI",
f = fraction of contaminant plume sparged; ratio of area covered by the sum of
individual spargers to the plume area (see Figure 3-5):
I Ai
f = 0
Acont
n = number of air spargers;
Acont = total area of contamination;
Ai = area of influence of an individual sparger;
A, = 7r Ro2i
Roi = radius of influence of individual sparger
(3-6)
(3-7)
3.3.4. Description of Model
The mass transfer of contamination from groundwater to air can be modeled by
Fickian diffusion:
Jt = [C(t)J(t) = D (3-8)
J(t)= mass flux density of contamination from groundwater to air;
dimension of mass flux density = mass
(unit area)(time)
D = diffusion coefficient of contamination in water, l12
C(t) = concentration of contamination in groundwater;
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(Sellers and Schreiber, 1992)
Figure 3-5: Area of influence,f.
Area of plume contamination and radii of influence of air sparging wells. The variable fis
equal to the sum of the area of influence of all of the individual air sparging wells divided
b Aiby the plume area, f 0
A
L = distance over which contamination must diffuse; assumed to be equal to
average effective radius, r, of a sparged bubble (see Figure 3-6);
(Sellers and Schreiber, 1992)
Figure 3-6: Diffusive distance in bubble flow.
The diffusive distance is assumed to be equal to the bubble radius.
The contaminant concentration of a bubble that has reached the water table,
Cair(t), is equal to the mass flux density multiplied by the surface area to volume ratio of a
bubble multiplied by the time it takes the bubble to travel from the sparge point to the
groundwater surface.
Cir (t ) = J(t) (Sb/Vb) -T (3-9)
Cair(t) = contaminant concentration in bubble upon reaching the water table;
Sb/Vb = average surface area to volume ratio of a bubble;
T = time for bubble to travel from injection point to water table;
The time it takes for a bubble to reach the groundwater surface is estimated by
taking the depth of the injection point below the water table and dividing it by the bubble
terminal rise velocity.
L = DIFFUSIVE DISTANCE AIR BUBBLE
TER
h
T =- (3-10)
h = average depth of sparge points below water table;
Vb = terminal rise velocity of bubble;
Eq. 3-9 is can be derived from a simple mass balance; the mass of contamination
contained in a bubble, M, which has reached the groundwater surface is equal to the
concentration of contamination in the bubble, Cair(t), multiplied by the volume of the
bubble, Vb:
M = Cair(t) Vb (3-11)
Likewise, the total mass of contamination transferred from groundwater to a bubble, M, is
equal to the mass flux density of contamination to the bubble, J(t), multiplied by the
surface area of the bubble, Sb, multiplied by the residence time of the bubble in
groundwater, T:
M = J(t) -Sb T (3-12)
Setting Eq. 3-11 equal to Eq. 3-12, yields:
Ca,, (t). Vb = J(t) Sb -T (3-13)
Solving for Cair(t) yields Eq. 3-9:
Car (t)= J(t). (Sb/Vb) T (3-9)
Substitution of Eq. 3-8 and Eq. 3-10 into Eq. 3-9 yields:
Cair D. C(t) -(Sh/Vb)' (V (3-14)
dMThe rate of removal of contaminant mass, d, from the groundwater to the
injected air can estimated by multiplying the concentration of contamination in air, Cair(t),
by the air flow rate in the saturated zone, Q:
dM
dt = -Cair(t) Q (3-15)
In order to more accurately describe the rate of mass removal, Eq. 3-15 can be
modified to account for the actual fraction of the plume that is sparged, f(see Figure 3-5),
and the fraction of a 24-hour day, d, during which the sparging system operates:
dM
dt - - f d Ca (t) Q (3-16)
The contaminant mass removal rate can also be defined by the change in concentration of
contamination in the groundwater per unit time,
groundwater affected by air sparging, Vs:
dM dC(t)
dt -Vdt
dt dt
Equating Eq. 3-16 and Eq. 3-17, and then solving for
dC(t) Q
dtS t - - f -d -Ca, (t) -
Substitution of Eq. 3-14 into Eq. 3-18 yields:
dC(t)
dt•, multiplied by the volume ofdt
(3-17)
dC(t)
dt, yields:dt
(3-18)
dC(t)
dt
dt
(3-19)
Defining the constant B as:
B =f -d -(Sb/V,) ( _R h
and substituting B into Eq. 3-19 yields:
dC(t)dC) = -B -C(t)
dt
(3-20)
(3-21)
- fd -(Sh/V,) L (h -C(t)
v b 
Solving this differential equation explicitly for C(t) yields an exponential equation:
C(t) = Co e-B- (3-22)
Co = initial concentration of contaminant in groundwater;
C(t) = contaminant concentration in groundwater at time t;
3.3.5. Model Analysis
Well-Mixed Assumption
The model assumes that the groundwater affected by the sparged bubbles is well-
mixed with the unaffected groundwater. The concentration C(t) used in the model
represents an average concentration of contamination in the plume. (Sellers and
Schreiber, 1992)
Within the sparged zone, groundwater mixes via two mechanisms: (1) local
convective movement around the sparger ; and (2) the displacement of water by the rising
air bubbles. Pulsed air injection, which refers to the periodic shut down and restart of the
injection system, can enhance mixing. When air injection ceases, groundwater will
replace the volume previously occupied by the sparged air. This process enhances
mixing of sparged and unsparged groundwater. In short, the well-mixed assumption
provides a good approximation of conditions in the sparged zone. (Sellers and Schreiber,
1992)
No Biodegradation
The model does not account for the biodegradation of contaminants. This leads to
an overestimation of remediation time at the FS-12 site, since JP-4 jet fuel contains
biodegradable contaminants. Thus, despite the fact that neglecting biodegradation
renders the model less accurate when applied to FS-12, at least the model errs on the
conservative side.
Bubble Travel Time
The time it takes for an injected bubble to rise to the groundwater surface is
estimated by taking the depth below the water table, and dividing it by the terminal rise
velocity, Vb.
h
T - (3-10)
Implicit in this estimation is the straight path of a bubble from the sparge point to the
groundwater surface. However, the true path of a bubble is tortuous as it weaves in
between soil grains. Therefore, the bubble travels a longer distance than just the depth, h,
from the water table to the sparge point. A longer distance traveled will lead to a longer
travel time, T, which will lead to an increase in mass flux. This increase in mass flux,
reflected in the increase of the constant B, will lead to a higher contamination removal
rate:
B =f -d -(Sb/Vb) v ) - (3-20)
C(t) = Co e -B (3-22)
Futhermore, the approximation (Eq. 3-3) for the bubble terminal rise velocity, v,
is valid for a bubble rising in water only. The presence of soil grains will lead to a
decrease in the terminal rise velocity found from Eq. 3-3. Therefore, a bubble terminal
rise velocity computed from Eq. 3-3 will overestimate the true bubble terminal rise
velocity. This overestimation of the bubble terminal rise velocity will cause the bubble
residence time, T, to be underestimated which will lead to an underestimation of the
contamination removal rate.
In order to more accurately estimate the contamination removal rate, a factor for
tortuosity, -, can be included in the model:
r T, (1.34 Lecture Notes 2, 1997) (3-23)
1 = macroscopic straightline distance between two points
le = effective transport distance between two points
Eq. 3-23 can be solved for le:
le- (3-24)
In applying Eq. 3-24 into the air sparging model, the macroscopic straightline distance, 1,
is equal to the sparger depth, h, below the water table:
hThe effective transport distance, le, is a more accurate representation of the actual
distance that a rising bubble travels than the sparger depth, h. Substituting le from Eq. 3-
23 for h in Eq. 3-10, yields a more accurate bubble residence time:
l h
T l - (3-26)
Vb Vhb4
Substituting Eq. 3-24 into Eq. 3-20 yields:
B = f -d -(Sb/Vb) - - ) (3-27)
Flow Rate and Injection Depth
The model was able to successfully approximate contamination removal rate in
two case studies. (Sellers and Schreiber, 1992) However, in those case studies, the air
flow rates ranged only from 2 to 11 cfm. At FS-12, the estimated flow rate is 100 cfm.
Furthermore, in one of the cases, the maximum depth of air injection was 11 feet. At FS-
12, the air is injected at an average of 60 feet below the water table. These differences
may be significant when attempting apply the model to FS-12.
Estimation ofDiffusivities
The contamination at FS-12 is JP-4 jet fuel is composed of many different
components (see Table 3-3). The model assumes that all the components of the JP-4 jet
fuel have the same aqueous diffusivities, 10-' m2/s. In reality, each component diffuses at
a different rate. The diffusion coefficients for each of the components can be estimated
as a function of its molar volume and the viscosity of water:
13.26 x 10-5
D, = (cm 2s -1) (Hayduk and Laudie, 1974) (3-28)
P. /14 .V 0.589
C, = viscosity of water in centipoise (10-2g cm's-1)
V = molar volume of chemical
Table 3-3 shows a break down of the 28 major components in JP-4 jet fuel and
shows the concentration of each of these components in the fuel. Table 3-4 shows the
Table 3-3: Break Down of Major Components of JP-4 jet fuel
Component Concentration (g/L)
n-butane 4.92
iso-pentane 2.6
n-pentane 2.07
2-methylpentane 7.43
3-methylpentane 6.48
n-hexane 17.9
methylcyclopentane 11.6
benzene 7.82
cyclohexane 9.63
2-methylhexane 28
3-methylhexane 27.1
dimethylhexane 6.21
n-heptane 33.1
methylcyclohexane 22
toluene 10.7
2-methylheptane 16.5
3-methlyheptane 12.4
n-octane 21.3
ethylbenzene 9.89
m- and p-xylene 12.5
o-xylene 2.04
n-nonane 1.54
n-decane 5.22
n-undecane 2.68
napthalene ND*
n-dodecane ND
n-tridecane ND
n-tetradeane ND
(Jones, 1996; after, Li,1994)
Table 3-4: Molecular Weight, Density, Diffusion Coefficients, and Decay
Coefficients of BTEX
Component Molecular Density (mg/L) Diffusion (cm2/s) Decay
Weight (g/mol) at 20 OC Coefficient Coefficient (day -1)
benzene 78.2 0.8765 9.41 E-06 8.6E-04
toluene 92.1 0.8669 8.49E-06 7.8E-04
ethylbenzene 106.2 0.867 7.81E-06 7.1E-04
xylenes 106.2 0.8611 7.78E-06 7.1E-04
molecular weight of benzene, toluene, ethylbenzene, and xylene (BTEX), the density of
each BTEX component at 200 C, the aqueous diffusion coefficient of each BTEX
component, and their corresponding decay coefficients.
The decay coefficients were calculated from input parameters, which included
both measured parameters and estimated parameters (see Table 3-5 and Table 3-6).
B =f -d -(Sb/Vb) 7 h (3-20)
Table 3-5: Measured Parameters for Bubble Flow Model
Symbol Name Value
Q total air flow rate 2,100 cfm (85,300 m3/d)
d fraction of day that AS system is in operation 0.25
h depth of sparge point below water table 60 ft (18.3 m)
R radius of sparger opening 0.01 in (0.000254 m)
Ro, radius of influence of individual sparger 75 ft (23 m)
n porosity 0.35
Table 3-6: Estimated Parameters for Bubble Flow Model
Symbol Name Value
r bubble radius 0.0045 m
SN bubble surface area to volume ratio 670 m-1
v bubble terminal rise velocity 0.25 m/s
V, volume of influence 220,000 m3
f fraction of contaminant plume sparged 0.73
The time to reach MCLs was calculated for benzene, toluene, ethylbenzene, and
xylene (BTEX). It was found that benzene and toluene required the most time to reach
MCLs. Concentration profiles of benzene and toluene under both the bubble flow and
channel flow models were developed and compared (see Chapter 4). Detailed results of
calculations can be found in the Appendix.
3.4. Air Channeling Applied to Model
A fundamental assumption in the Sellers and Schreiber model is that injected air
rises as discrete bubbles. Most of the literature on air sparging suggests that air rises in
channels. The model can be changed to describe the groundwater cleanup rate for air
rising in channels.
Changes must be made in three aspects of the above model to account for air
channeling: (1) the surface area to volume ratio, (2) the diffusive distance, (3) the air rise
velocity.
Surface Area to Volume Ratio
The surface area over which mass flux of contamination occurs changes when air
flow is modeled as channels instead of discrete bubbles. Air channels can be
approximated as cylinders, and the surface area to volume ratio of a cylinder can be
derived as follows:
Sc = 2rrc h (3-29)
Sc = surface area of an air channel;
rc = radius of air channel;
h = depth from groundwater surface sparge point;
Vc = 7rc h (3-30)
Vc = volume of an air channel
2:rrc h 2Sc/ V - - (3-31)
=rrfrh r-
Diffusive Distance
When air flow is modeled as channels, the maximum diffusive distance becomes
half of the distance between air channels, s/2. The distance between air channels is only
several times the pores size (Norris et al., 1994). For the purposes of this model, a
distance of 9 mm will be assumed to be the distance between air channels. Eq. 3-8 can be
modified to reflect this change by substituting L with s/2:
J(t) = DC(t) (3-8)
Substituting L with s/2, yields:
J(t)= D •c(t 2D- j (3-32)
Air Rise Velocity
The velocity by which injected air rises is channel flow can be found from the
total volumetric flow rate, Q, and the total cross-sectional area of the channels, Ax, . The
total area through the air channels, Ax, , through which the air passes will be determined
by the radius of the air channels, rc, and the number of air channels, N. The terminal rise
velocity, vc, of the injected air can then be expressed as follows:
Q (3-33)
Q = total volumetric air flow rate
AxT = total channel area (through which injected air passes)
Ax, = N Axch  (3-34)
N = number of air channels
Axc = cross-sectional area of individual air channel
Axch = rrc2 (3-35)
The number of channels, N, can be estimated by first estimating a channel density.
It is assumed that there is one channel per area defined by the following equation (see
Figure 3-8):
Arc+ = (2r c + s) 2  (3-36)
rc = channel radius
s = diffusive distance
The number of channels, N, can be estimated by taking the total area of contamination,
Acont and dividing by Arc+:
Acont
N-
A
r +s
7
(3-37)
s
Ax, = cross-sectional area of channel
s = distance between channels
rc = channel radius
Figure 3-7: Channel cross-sectional area and diffusive distance between channels.
!
Figure 3-8: Area used to estimate channel density.
As in the bubble flow model, the channel flow model is based on a lumped
parameter decay coefficient, B. Incorporating the changes described above into B, yields:
B= f -d -(Sc/VC) h& (3-38)
Table 3-7, Table 3-8, and Table 3-9 show the input parameters to calculate the
decay coefficients found in Table 3-9 for channel flow.
Table 3-7: Measured Parameters for Channel Flow Model.
Symbol Name Value
Q total air flow rate 2,100 cfm (85,300 m3/d)
d fraction of day that AS system is in operation 0.25
h depth of sparge point below water table 60 ft (18.3 m)
R radius of sparger opening 0.01 in (0.000254 m)
Roi radius of influence of individual sparger 75 ft (23 m)
n porosity 0.35
Table 3-8: Estimated Parameters for Channel Flow Model
Symbol Name Value
r channel radius 0.002 m
SN bubble surface area to volume ratio 1000 m-1
v bubble terminal rise velocity 33 m/s
V, volume of influence 220,000 m3
f fraction of contaminant plume sparged 0.73
Table 3-9: Diffusion coefficients and channel flow decay coefficients for BTEX.
Component Diffusion Decay
Coefficient (cm2/s) Coefficient (day -')
benzene 9.41 E-06 8.1 E-06
toluene 8.49E-06 7.3E-06
ethylbenzene 7.81 E-06 6.8E-06
xylenes 7.78E-06 6.7E-06
4. Results and Discussion
The time for a contaminant to reach its MCL is dependent upon the lumped
parameter decay coefficient, B, in both the bubble flow model and the channel flow
model. Slight differences in B can lead to significant changes in concentration profiles,
since concentration varies exponentially with B:
C(t) = C, e-B  (3-22)
For bubble flow:
B= f -d -(S/V,) ( ( - (3-20)
For channel flow:
B =f -d -(S/V) (3-34)
Table 4-1 compares decay coefficients for BTEX for the two models, bubble and
channel flow. The large discrepancy in the values of the decay coefficients between
bubble flow and channel flow are predominantly a result of the difference in the terminal
rise velocities between the two models (see Table 4-2).
Table 4-1: Comparison of decay coefficients for bubble flow and channel flow.
Compound
benzene
toluene
ethylbenzene
xylene
Decay Coefficients
(day- )
Bubble Flow Channel Flow
8.6E-04 9.6E-06
7.8E-04 8.6E-06
7.1E-04 7.9E-06
7.1 E-04 7.9E-06
Table 4-2: Comparison of terminal rise velocities, bubble and channel radii, and
diffusive distance for bubble and channel flow.
Parameter Bubble Flow Channel Flow
Air Rise Velocities 0.25 m/s 12.6 m/s
Bubble or Channel Radius 4.5 mm 4.5 mm
Diffusive Distance 4.5 mm 4.5 mm
Another parameter which will have a significant effect on the decay coefficient is
the bubble or channel radius. In both models, mass transfer increases with decreasing
radius, because the surface area to volume ratio, S/V, will increase as bubble or channel
radius increases:
Bubble Flow Channel Flow
S 3
V rb
S 2
V rh
It is important to note that it was assumed that the channel radius was equal to the
bubble radius, and that the channel radius was not calculated from an empirical equation
nor derived from scientific principles. It was also assumed that the diffusive distance for
channel flow, s/2, is equal to that for bubble flow, L. These assumptions magnify the
importance of the difference in air rise velocities between the two models.
Table 4-3: Time for BTEX components to Reach MCLs.
BTEX
Benzene
Toluene
Ethylbenzene
Xylenes
* Advanced Sciences. Inc..
Co (ppm)*
19.148
0.068
13.000
1.300
4.780
1994
MCL (ppm)** Time to Reach
Bubble Flow
0.005
1
0.7
10
MCL (years)
IChannel Flow
8.3
9.0
2.4
0.0
** http://www.afcee.brooks.af.mil/pro..main/fact/fact/sdw9_96/09 96 3.HTM
Table 4-3 compares the time required in for BTEX components to reach MCLs
for both the bubble flow model and the channel flow model. Figure 4-1 and Figure 4-2
748.5
815.4
214
0.0
illustrate the significant disparity between the remediation rates if the two models. In
both models, toluene took longest reach its MCL followed by benzene. The channel flow
results seem to indicate that volatilization from air sparging is not an effective
remediation mechanism, however biodegradation may still be possible.
Concentration vs. Time
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Figure 4-1: Comparison of benzene concentration profiles for bubble flow and
channel flow.
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Figure 4-2: Comparison of toluene concentration profiles for bubble flow and
channel flow.
The bubble flow results indicate that air sparging is a plausible remediation
technology for JP-4 jet fuel, since remediation time considering only volatilization is less
than 10 years.
Concentration vs. Time
-- ---
5. Conclusions and Recommendations
Air sparging remediation time at FS-12 was estimated using two models: a bubble
flow model and a channel flow model. Each model considered contamination removal by
volatilization only. The bubble model yielded remediation time estimates under 10 years.
If biodegradation were to be included in the bubble model, remediation time would
decrease.
Channel flow results indicate that volatilization from air sparging is not a viable
mechanism for contaminant removal. However, the model does not discount
biodegradation as a viable mechanism. Many of the compounds found in JP-4 jet fuel
could be easily biodegraded in nutrient rich soils. The kinetics of the biodegredation of
components of JP-4 jet fuel should by investigated to better assess air sparging as a
remediation alternative at FS-12.
In addition to neglecting biodegradation, the post-sparging effects of dilution and
dispersion were not considered. Combined with groundwater contamination removal,
these would further decrease concentrations.
One scenario not considered in this report is the possibility that some air rises as
discrete bubbles and some rises as channels. The potential for both types of flow to
coexist should be investigated.
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Appendix
Extent of Soil Contamination
length width
ft m f
900 274
area = Pi*(length/2)*(width/2)
ft2  m2
508680 47258
Bubble Flow
m
720 219
r = effective bubble radius
r = 2R[6(Sigma)/(R 2(Rhow-Rhoa)g]n1
Sigma = surface tension = 0.0728 kg*m/(m*s2)
R = Radius of Sparger Opening
in m
0.01 0.000254
Rho, = density of water = 1000 kg/m3
Rhoa = density of air = 1.2 kg/m3
g = gravity = 9.81 m/s 2
r= 0.0045 m
D=
D=
SN =
SN =
SN =
diffusive distance over which contamination must diffuse
(assumed to be equal to bubble radius)
0.0045 m
(bubble surface area)/(bubble volume)
3/r
668 m
bubble terminal rise velocity
[1.04*g*r + 1.07*Sigma/(r*Rho,)]1 r2
0.25 m/s
f = fraction of cross-sectional area covered by air spargers
f= AS/Acon
A6 = cross cross-sectional area covered by air spargers
A = k*Pi*Roi2
k = # of wells 21
Pi= 3.14
Roj = radius of influence of individual sparger =
As= 34459 m
2
Acont = cross-sectional area covered by contamination
Acont = Pi*(Lo12)*(Woont/2)
Pi = 3.14
Lcont = length of contamination 274
Wcont =width of contamination 219
Aont 
= 47105 m
2
75 ft = 22.86 m
m
m
f = 0.73154
d = fraction of day that spargers are in operation
d = 0.25
Vs = volume of influence of air sparging wells
Vs = k*Pi*Ri2*H*n
k= # of wells 21
Pi= 3.14
Ro = radius of influence of individual spar
H = depth of sparger below water table
n = porosity = 0.35
Vs = 220565 m
3
75 ft = 22.86 m
60 ft = 18.288 m
Q = total volumetric flow rate of air into ground water
Q = k*Qi
k = # of wells = 21
Qi = volumetric air flow rate of individual spar
Q = 85337 m3/d
T = tortuosity
T=
100 cfm 406368 m3/d
Extent of Soil Contamination
length width
ft m ft m
900 274 720 219
area = Pi*(length/2)*(width/2)
ft2  m2
508680 47258
r, = channel radius
r, = 0.0045 m assumption
SN =
SN =
SN =
(channel surface area) /( channel volume)
2/r
444 m
Q = total volumetric flow rate of air into ground water
Q = k*Qi
k = # of wells 21
Qi = volumetric air flow rate of i 100 cfm
Q = 85337 m3/d
s = distance between channels
s = 0.009 m (assumption)
4063.68 m3/d
v 
=  Q/AcT
Q = total volumetric flow rate
Q = 85337 m3/d
AcT = total cross-sectional area of channels
AcT = N'Ac
As = cross-sectional area of individual channel
Ac = Pi* rc2
Pi = 3.14
rc
=  0.0045 m
As = 6.4E-05 m2
N = number of channels
N = AI/Ac*d
Ak = cross-sectional area covered by air spargers
A, = k*Pi*Roi2
k = # of wells
Pi= 3.14
Channel Flow
f = fraction of cross-sectional area covered by air spargers
f= AJ/A•
As = cross cross-sectional area covered by air spargers
As = k*Pi*Roi
2
k = # of wells
Pi= 3.14
Ro, = radius of influence of individual spar
0 m2
75 ft
Asont = cross-sectional area covered by contamination
Asnt = Pi*(Lona/2)*(W~,n/2)
Pi = 3.14
Lcont = length of contamination 274 m
Wcnt = width of contamination
Ant = 47105 m
2
f= 0
d = fraction of day that spargers are in operation
d = 0.25
Vs = volume of influence of air sparging wells
Vs = k*Pi*Ri2*H*n
k = # of wells 21
Pi = 3.14
Roi = radius of influence of individual spar
H = depth of sparger below water table
n = porosity = 0.35
Vs = 220565 m3
219 m
75 ft = 22.86
60 ft = 18.288
T = tortuosity
T=
R% = radius of influence of individual spar 75 ft = 22.86 m
A. = 34459 m2
Acd = cross-sectional area of individual channel + cross-sectional area of distance between channels
Ac+d = [2rc + s]2
rc = channel radius
rc 
=  0.0045 m
s = distance between channels
s= 0.009 m
Ac6d = 0.00032 m2
N= 1.06E+08
AcT= 6762.56 m2
v= 12.6191 m/s
Channel Flow
Concentration (ppm)
Time Benzene Toluene Ethylbenzene Xylene BTEX
0 0.068 13 1.3 4.78 19.148
10000 0.061804 11.92649 1.20094431 4.41578 17.60502
20000 0.056173 10.94164 1.10943633 4.079312 16.18656
30000 0.051055 10.03811 1.02490095 3.768482 14.88254
40000 0.046403 9.209186 0.9468069 3.481336 13.68373
50000 0.042175 8.448716 0.87466335 3.21607 12.58162
60000 0.038332 7.751044 0.8080169 2.971016 11.56841
70000 0.034839 7.110984 0.74644869 2.744634 10.63691
80000 0.031665 6.523778 0.68957177 2.535502 9.780517
90000 0.02878 5.985062 0.63702868 2.342305 8.993176
100000 0.026157 5.490832 0.58848921 2.16383 8.269308
110000 0.023774 5.037413 0.54364828 1.998953 7.603789
120000 0.021608 4.621437 0.50222408 1.846639 6.991909
130000 0.019639 4.239812 0.46395627 1.705932 6.429338
140000 0.01785 3.889699 0.42860434 1.575945 5.912098
150000 0.016223 3.568498 0.39594611 1.455863 5.436531
160000 0.014745 3.273821 0.36577633 1.344931 4.999274
170000 0.013402 3.003478 0.33790538 1.242452 4.597237
180000 0.01218 2.755459 0.31215811 1.147781 4.227579
190000 0.011071 2.527921 0.2883727 1.060324 3.887688
200000 0.010062 2.319172 0.26639965 0.979531 3.575164
210000 0.009145 2.127661 0.24610088 0.904894 3.287801
220000 0.008312 1.951964 0.22734881 0.835944 3.023569
230000 0.007554 1.790776 0.21002558 0.772248 2.780604
240000 0.006866 1.642899 0.19402233 0.713405 2.557192
250000 0.006241 1.507233 0.17923847 0.659046 2.351758
260000 0.005672 1.382769 0.16558109 0.608829 2.162851
270000 0.005155 1.268584 0.15296436 0.562438 1.989142
280000 0.004685 1.163828 0.14130898 0.519582 1.829404
290000 0.004259 1.067722 0.13054171 0.479992 1.682514
300000 0.00387 0.979552 0.12059486 0.443418 1.547436
310000 0.003518 0.898664 0.11140593 0.409631 1.423218
320000 0.003197 0.824454 0.10291717 0.378419 1.308987
330000 0.002906 0.756373 0.09507522 0.349584 1.203939
340000 0.002641 0.693914 0.08783081 0.322947 1.107333
350000 0.002401 0.636612 0.08113839 0.29834 1.018491
360000 0.002182 0.584043 0.07495591 0.275607 0.936787
370000 0.001983 0.535814 0.06924452 0.254607 0.861648
380000 0.001802 0.491568 0.06396832 0.235207 0.792545
390000 0.001638 0.450975 0.05909414 0.217285 0.728992
400000 0.001489 0.413735 0.05459137 0.200728 0.670544
410000 0.001353 0.37957 0.05043168 0.185433 0.616788
420000 0.00123 0.348226 0.04658896 0.171304 0.567349
430000 0.001118 0.319471 0.04303903 0.158251 0.521879
440000 0.001016 0.29309 0.0397596 0.146193 0.480058
450000 0.000923 0.268887 0.03673005 0.135054 0.441594
460000 0.000839 0.246683 0.03393134 0.124763 0.406217
470000 0.000763 0.226313 0.03134589 0.115256 0.373678
480000 0.000693 0.207624 0.02895743 0.106474 0.343749
Bubble Flow
Concentration (ppm)
Time (days) Benzene Toluene Ethlybenzene Xylene BTEX
0 0.068 13 1.3 4.78 19.148
100 0.062386 12.02769 1.210311194 4.450221 17.7506
200 0.057235 11.12809 1.126810144 4.143194 16.45533
300 0.052509 10.29579 1.049069946 3.857349 15.25472
400 0.048174 9.52573 0.976693153 3.591226 14.14182
500 0.044197 8.813268 0.909309736 3.343462 13.11024
600 0.040548 8.154094 0.846575194 3.112792 12.15401
700 0.0372 7.544222 0.788168796 2.898036 11.26763
800 0.034128 6.979964 0.733791935 2.698097 10.44598
900 0.031311 6.457909 0.68316661 2.511951 9.684337
1000 0.028726 5.9749 0.636033997 2.338648 8.978308
1100 0.026354 5.528017 0.592153128 2.177302 8.323825
1200 0.024178 5.114558 0.551299661 2.027086 7.717122
1300 0.022182 4.732023 0.513264732 1.887235 7.154704
1400 0.02035 4.378099 0.477853885 1.757032 6.633335
1500 0.01867 4.050646 0.444886081 1.635812 6.150014
1600 0.017129 3.747684 0.414192773 1.522955 5.701961
1700 0.015714 3.467382 0.385617038 1.417884 5.286598
1800 0.014417 3.208045 0.359012783 1.320062 4.901537
1900 0.013227 2.968105 0.334243992 1.228989 4.544565
2000 0.012135 2.74611 0.311184035 1.1442 4.213628
2100 0.011133 2.540719 0.289715016 1.06526 3.906827
2200 0.010214 2.35069 0.269727175 0.991766 3.622397
2300 0.00937 2.174874 0.251118322 0.923343 3.358705
2400 0.008597 2.012208 0.23379332 0.85964 3.114238
2500 0.007887 1.861708 0.217663594 0.800332 2.887591
2600 0.007236 1.722465 0.202646681 0.745116 2.677463
2700 0.006638 1.593636 0.188665805 0.69371 2.482649
2800 0.00609 1.474442 0.175649489 0.64585 2.302032
2900 0.005587 1.364164 0.163531186 0.601292 2.134574
3000 0.005126 1.262133 0.152248943 0.559808 1.979316
3100 0.004703 1.167734 0.141745077 0.521186 1.835368
3200 0.004315 1.080395 0.131965887 0.485228 1.701904
3300 0.003958 0.999589 0.122861377 0.451752 1.57816
3400 0.003632 0.924826 0.114385 0.420585 1.463428
3500 0.003332 0.855655 0.10649342 0.391568 1.357049
3600 0.003057 0.791658 0.099146291 0.364553 1.258414
3700 0.002804 0.732447 0.092306051 0.339402 1.16696
